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Abstract One of the techniques that has been recently
identified for dealing with multi-user interference in fu-
ture communications systems is base station coopera-
tion or joint processing. However, perfect multi-user in-
terference cancellation with this technique demands se-
vere synchronization requirements, perfect and global
channel state information, and an increased backhaul
and signaling overhead. In this paper, we consider a
more realistic layout with the aim of mitigating the
multi-user interference, where only local channel state
information is available at the base stations. Due to
synchronization inaccuracies and errors in the channel
estimation, the system becomes partially asynchronous.
In the downlink of WCDMA based systems, this asyn-
chronism stands for the loss of the orthogonality of the
spreading codes allocated to users and thus, for an in-
crease in the multi-user interference level of the system.
In this contribution, we propose a framework for miti-
gating the multi-user interference which builds in three
main steps: definition of a cooperation area based on the
channel characteristics, statistical modeling of the aver-
age multi-user interference power experienced by each
user and a specific spreading code allocation scheme
for users served with joint processing. This code allo-
cation assigns spreading codes to users in such a way
that minimum average cross-correlation between active
users can be achieved. Interestingly, these steps can be
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performed with a limited amount of extra feedback from
the user’s side.
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1 Introduction
Base Station (BS) cooperation has been identified as
one of the key techniques for mitigating inter-cell in-
terference and achieving an ubiquitous user experience
in future broadband communication systems [1]. In this
approach, a group of Base Stations (BSs) acts as a sin-
gle and distributed antenna array and data to a user
is simultaneously transmitted from more than one BS.
Therefore, potential inter-cell interference becomes use-
ful data transmission. This technique has been also re-
ferred to in the literature as multicell cooperative pro-
cessing [2], network Multiple Input Multiple Output
(MIMO) [3] or distributed MIMO [4]. Ongoing work
in the 3GPP in the framework of Long Term Evolution
(LTE) Advanced renames this concept as joint trans-
mission or processing between BSs, which falls in the
umbrella of Coordinated MultiPoint (CoMP) transmis-
sion schemes [5].
Under idealized assumptions, perfect local Chan-
nel State Information1 (CSI) could be available at the
transmitter side or BS. BSs could then exchange user
data, local CSI and information for synchronization pro-
cedures without any constraint. From the user’s point
of view, and assuming a Frequency Division Duplex
(FDD) setting, estimated CSI would need to be fed
back to the BS. However, as the number of users and
BSs increases, the major drawbacks related to BS co-
operation from a practical point of view are the large
1 CSI between one BS and all the users that is serving.
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backhaul and signaling overhead related to the inter-
base information exchange and how to obtain accurate
CSI at the BSs. The academic and industry communi-
ties have been actively trying to solve the question of
how to design CoMP techniques to achieve the promised
gains under realistic conditions and practical settings.
A recent overview of the state of the art can be found
in [2].
The lack of efficient solutions for the problems of
alleviating the backhauling load and obtaining accu-
rate CSI at the BSs has prevented the standardization
of CoMP techniques in LTE Rel-10. However, CoMP
techniques have been under consideration for LTE Rel-
11 [6] and Rel-12 [7], since one of the foreseen solutions
to cope with the huge growth in mobile broadband traf-
fic which is expected in the short term future, is the
implementation of evolved CoMP techniques in hetero-
geneous and ultradense networks (cooperation macro-
small cell) and the introduction of massive MIMO [1,8,
9].
Current fourth generation (4G) wireless standards
are based on Orthogonal Frequency Division Multiple
Access (OFDMA), e.g., LTE Rel-8. Due to this, most
of the contributions existing in the literature regarding
to different CoMP aspects assume an OFDM setting.
However, High Speed Packet Access (HSPA) networks
concentrate the majority of subscribers, and the major
mobile broadband traffic growth is expected to come
from these networks. In addition, recent improvements
over HSPA have allowed to achieve competitive rates
with respect to LTE, so HSPA is expected to continue
evolving to perform similarly to other 4G technologies
and even to meet IMT-Advanced requirements [10–13].
The natural question is then if CoMP-like techniques
could be applied over Wideband Code Division Multi-
ple Access (WCDMA) based networks, where the X2
interface for BS exchange is not available. To answer
this question, an study item on HSDPA Multipoint
Transmission was included and completed in Rel-11 [6,
14–16]. This study item focused on single point data
transmission, multiflow data transmission and single
frequency network data transmission. Some interesting
studies can be found in [10–12,17–22]. Currently, there
is a parallel evolution with respect to LTE Rel-12, and
Rel-11 HSDPA multiflow is being considered as an in-
teresting extension for heterogeneous networks (macro-
small cell multiflow) [23, 24]. However, current version
of HSDPA multiflow is limited to a two BSs transmis-
sion, while some issues related to inter-cell coordination
remain unsolved.
In this paper, we consider a simplified single fre-
quency network data transmission, where a static clus-
ter2 of BSs cooperates when transmitting a data stream
to a particular user. Note that clustering solutions that
restrict BS cooperation to a limited number of BSs have
been proposed in the literature to reduce the complexity
in CoMP solutions [25–28]. In this scenario, the same
carrier frequency and the same scrambling code are
used in different sectors. Within the cluster, the signal
arriving at the user experiences different propagation
delays from each BS. Following the joint processing ap-
proach, the user tries to coherently combine the data
coming from the different BSs. At this point, most of
the previous works simplify the system model by assum-
ing synchronous reception at the user, implying perfect
and instantaneous estimation of all the channels in the
system, which seems rather unrealistic. In [29], a sys-
tem model with timing-advance mechanisms is devel-
oped in order to ensure that each user receives a co-
herent sum of its desired signals, whereas the interfer-
ence term remains asynchronous. Analysis of imperfect
timing-advance scenarios is also carried out. This work
is extended in [30], whereas [31] presents an analytical
interference analysis for the downlink of asynchronous
OFDM multicellular networks. In [32], the authors fo-
cus on the estimation and correction of the carrier fre-
quency offsets that may occur in multicellular networks
allowing cooperation.
In this work, we assume that transmissions from
BSs within the cluster cannot be perfectly synchro-
nized and then each user in the cluster receives both
the desired and interference signals from the multiple
BSs in an asynchronous manner. In current WCDMA-
based systems, Orthogonal Variable Spreading Factor
(OVSF) or Walsh-Hadamard codes are employed to
preserve the orthogonality between different users. In
a typical uplink wireless environment with multipath,
these spreading codes lose their orthogonality due to
the time-shifted versions that arrive at the receiver. In
traditional systems, this intra-cell interference can be
removed using different equalization techniques. In a
similar way, in the downlink channel of a system trans-
mitting with BS cooperation, even if a frequency flat
channel is considered, the asynchronous nature of the
signals arriving at each receiver would introduce Mul-
tiple Access Interference (MAI). Traditionally, the loss
of orthogonality in CDMA downlink is modeled in the
analysis and simulation of CDMA systems by means
of the time average value of the orthogonality factor.3
Some authors, [33–35], have worked in a complete char-
acterization of this parameter. However, attending to
2 The cluster remains fixed in time.
3 The orthogonality factor is defined as the instantaneous
fraction of received downlink power converted by multipath
into interference.
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the special features related to BS cooperation, a fur-
ther analysis is required. Note that some prior work
can be found in [36].
In this paper, a statistical system model is devel-
oped to characterize the interference contributions re-
ceived by a user in the framework of a WCDMA sys-
tem with BS cooperation. This interference modeling
is carried out taking into account the correlation prop-
erties of the time-shifted spreading codes. Moreover, it
will be shown that only limited feedback information
from each user and local CSI at each BS are required.
Therefore, from a practical point of view, the backhaul
and feedback signaling overhead are not remarkably in-
creased. Interestingly, this characterization points out
the relation between the Mean Squared Value (MSV)
of the correlation terms of the spreading codes and the
interference contributions experienced by the users.
In systems with BS cooperation, additional mecha-
nisms, such as resource allocation techniques [37], may
be required to deal with the interference contributions
that cannot be fully mitigated using spatial processing.
In this paper, a multi-base spreading code allocation
scheme is specifically proposed for systems with BS co-
operation, where spreading codes are assigned to users
in such a way that minimum average cross-correlation
between active users can be achieved. This scheme can
be implemented in a distributed manner, decreasing the
need of additional infrastructure modifications. In ad-
dition to this scheme, a modified version of the joint
power control and beamforming algorithm from [38]
and [39] is performed by the BSs within the cluster. Fi-
nally, another aim of this contribution is to give some
insights into the question of until which extent is benefi-
cial to cooperate in a partially asynchronous WCDMA
system. We assume that only local CSI is available at
the BSs.
To summarize, the main contribution of this paper
is the development of a framework for multi-user inter-
ference mitigation based on the following steps:
– Definition of a cooperation area4 inside the cluster
of BSs based on the maximum delay of the com-
posite channel. Section 3 states the benefits of this
solution with respect to more conventional channel
gain-based solutions.
– Analytical characterization of the multi-user inter-
ference for the downlink of a static cluster with base
station cooperation in a WCDMA framework.
– Derivation of a distributed multi-base spreading code
allocation scheme to minimize the multi-user inter-
ference experienced by the users.
4 Area where BS cooperation is actually performed.
Fig. 1 Cooperation cluster with K = 3 BSs. Note that joint
processing or base station cooperation is only allowed in the
shadowed area
The paper is organized as follows. In Section 2, the
system model for BS cooperation in a WCDMA multi-
cell system is presented, whereas the statistical inter-
ference modeling and the definition of the cooperation
area are proposed in Section 3. Section 4 introduces the
multi-base spreading code allocation scheme, and Sec-
tion 5 describes the simulation assumptions and numer-
ical results. Finally, conclusions are drawn in Section
6. The following notation is used throughout the pa-
per: boldface upper-case letters denote matrices, bold-
face lower-case letters denote vectors and italics de-
note scalars. Superscripts (·)T , (·)∗ and (·)H denote the
transpose, the conjugate and the conjugate transpose
operations, respectively. E[·] denotes mathematical ex-
pectation and || · || stands for the 2-norm.
2 System Model
Consider a cluster of K BSs, each one equipped with
Na antennas, and M users that can be equipped with
Nr antennas, Nr ≥ 1. With joint processing or coop-
eration between BSs, data to a user is simultaneously
transmitted from more than one BS, see Fig. 1.
Regarding the particular information signals, users
are served and channelized through OVSF codes cm(t).
All possible codes share the same chip period, Tc, but
may have different spreading factor, N . Second step
of spreading procedure or scrambling operation is not
considered here since it is assumed that BSs within the
cluster share the scrambling code in order to achieve
a reuse factor of 1. Therefore, the OVSF code for the
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where cm[nc] is the spreading code and p(t) is the im-
pulse response of the Nyquist pulse shaping filter. The





am[j]cm(t− jT ). (2)
Here, T = NTc denotes the symbol period and am[j] is
the data symbol. Without loss of generality, we assume
that E[|um(t)|2] = 1.
Assume that only local CSI is available at each BS.
Therefore, even if timing-advanced mechanisms are ap-
plied to ensure a synchronous reception at the user, due
to channel estimation errors and synchronization inac-
curacies, the cluster becomes partially asynchronous.
The channel between the kth BS and the mth user is




Hm,k,l δ(t− τm,k,l), (3)
where Hm,k,l is the [Nr × Na] matrix of the lth mul-
tipath components, τm,k,l is the relevant propagation
time delay common to the lth multipath components
of the kth BS - mth user link5, and L is the maximum
number of propagation paths of the same link. Elements
of matrices Hm,k,l, denoted by h
(i,j)
m,k,l, represent the fad-
ing amplitude between transmitter antenna j and re-
ceiver antenna i, and are modeled as independent and
identically distributed (i.i.d.) circularly symmetric com-
plex Gaussian variables, with zero mean and unit vari-
ance, CN (0, 1). Finally, as Hm,k(t) is dependent only on
t, channel fadings are considered time-invariant within
a block of transmitted data. Notice that propagation
delays τm,k,l are considered arbitrary at this point and
they are not required to be multiples of Tc. Assume
that for all the (m, k) multipath channels, propagation
delays are ordered (τm,k,1 < τm,k,2 < · · · < τm,k,L) and
they are also resolvable (τm,k,l+1 − τm,k,l > Tc).
Base station cooperation requires user data to be
available at each BS in the cluster. Denoting by wik
the [Na × 1] precoding or beamforming vector of the
kth BS for the ith user, the signal transmitted from






5 Since the system model considers linear arrays of Na
and Nr antennas with half of the wavelength separation co-
located at the BS and user device, respectively, we can assume
that the different angles of arrival of the received signal are
common to all the antennas [40], and so are the propagation
delays τm,k,l.
where Pi,k‖wi,k‖2 is the downlink power allocated to
the ith user. Considering that signals ui(t) are uncor-
related for i 6= j, and assuming that P is the maxi-
mum transmitted power per BS, the transmitted signal








Taking into account the multipath channel model
(3), the received signal vector of dimensions [Nr × 1]

















Hm,k,lwi,kui(t−τm,k,l) + zrm(t), (5)
where zrm(t) is the [Nr × 1] thermal noise vector at the
mth receiver.
We assume that only local CSI and user’s data are
available at each BS in the cluster. Due to this, multi-
user interference within the cluster cannot be perfectly
canceled through joint processing. In this case, it is con-
venient to express the received signal (5) considering
separately contributions from the desired signal, um(t),





















+ zrm(t) . (8)
Once received, baseband signal yrm(t) enters a 2D
RAKE receiver in order to exploit diversity. Let us
name rm,q the [1×Nr] vector associated to the qth fin-
ger of the mth user RAKE. rm,q is usually designed to
compensate the channel fading of the time-aligned sig-
nal in such a way that combining all the fingers’ outputs
enhances the received Signal-to-Noise Ratio (SNR) [41].
The output signal at t = dT in the qth finger of the mth
user after correlation with the OVSF code cm(t) is given
by [42]:
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where






ci(t+ (βm,q − τm,k,l))c∗m(t− dT )dt, (12)
is the correlation of orthogonal codes m and i and βm,q
is the delay associated to the qth correlator of user m.
ρmm(·) in (9) is the autocorrelation of code m with the









is the noise term. Notice that when t = dT , equation
(9) contains the desired symbol am[d].
From this point on and for the sake of simplicity,
we will consider Nr = 1 antennas at the individual re-
ceivers. Therefore, fingers’ vectors become scalar gains
rm,q, and fading matrices Hm,k,l turn into [1×Na] fad-
ing vectors hm,k,l, and (9)-(11) can be expressed as fol-
lows:






















As the scope of this work is to characterize and mit-
igate the Multi-User Interference (MUI) due to asyn-
chronous reception in the downlink of a WCDMA clus-
ter of BSs, it seems convenient to make some model
assumptions that simplify the notation of Eq. (13)-(15)
but will not alter the MUI expression of the model:
A.1. The number of fingers available, Q, is equal to the
number of BSs in the cluster, Q = K. This partic-
ular choice of Q is the minimum value that allows
for the exploitation of the spatial diversity of the K
BSs’ signals.
A.2. The highest gain path of each BS-user channel is




‖hm,k,l‖, k = 1, . . . ,K.
A.3. The qth correlator is synchronized with the highest
gain path of the k = q BS-user propagation channel:
βm,q = τm,q,1, q = 1, . . . ,K. (16)
A.4. The value of rm,q is designed as an Equal Ratio
Combining (ERC). Considering assumption A.1, the






, for q = 1, . . . ,K. (17)
A.5. The symbol duration T is considered to be longer
than the maximum delay spread across the K ·M
propagation channels, and hence, the Inter-Symbol
Interference (ISI) term can be ignored. That is, the
cluster is able to use timing-advance mechanisms to
ensure a symbol-time synchronous transmission and
reception.
Following the above assumptions, and taking into
account that the Q correlator outputs are summed up
after the despreading process, the mth user receiver























is the Signal of Interest (SOI) term obtained from (13)
and (18) for k = q and l = 1.
The Inter-Finger Interference (IFI) term is formed
by all the terms in (13) and (18) containing symbols























Notice that the first term inside the bracket corresponds
to the contributions arriving from the BS synchronized
with the qth finger, k = q, but whose delays are not
synchronized with the finger delay (βm,q 6= τm,k,l).
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where the term k = q, l = 1, has been omitted since
ρmi(βm,q − τm,q,1) = ρmi(0) = 0.





As it can be seen from the IFI and MUI expressions,
(20)-(21), both terms depend on the correlation func-
tion: the autocorrelation term ρmm(·) in the case of the
IFI and the cross-correlation one, ρmi(·), in the case
of the MUI. In order to mitigate the interference suf-
fered by each user, IFI and MUI terms (20)-(21) need
to be considered. Regarding the IFI, or self-interference
suppression, it has been widely studied and good per-
formance solutions as Minimum Mean Square Error
(MMSE) or generalized RAKE receivers [43, 44] could
be used. However, the MUI is completely unknown at
the receiver and cannot be estimated as it can be done
in the uplink channel. Therefore, the following Section
focuses on the MUI term (21), and derives a closed-
form expression for the MUI contribution experienced
by each user in the cluster.
3 Modeling of the Multi-User Interference
In this Section, the objective is to model the cross-
correlation terms ρmi(·) in the MUI expression in (21),
which will allow the derivation of an interference miti-
gation strategy at the transmitter side. More precisely,
this strategy will follow three steps: the definition of a
cooperation area inside the cluster, the statistical mod-
eling of cross-correlation terms and the use of a multi-
base spreading code allocation scheme common to the
multiple BSs transmitting to each user.
The average MUI power received by the mth user
in the cluster is given by:
PMUIm = E[|yMUIm [d]|2], (23)
where yMUIm [d] is expressed in (21). Before evaluating
this interference power, we will discuss how the expecta-
tion operator is affecting each random variable involved
in (21).
– Correlation of data symbols:
Data symbols from different users are assumed to
be uncorrelated, E[ai[d]a
∗
j [d]] = 0, ∀i 6= j, so cross-
terms of the summation over M in (21) will be zero.
Regarding the case i = j, after assuming in (2) that
the transmitted information signal fulfilled the con-
dition E[|um(t)|2] = 1, the average energy of linear
modulated symbols is E[|ai[d]|2] = 1.
– Correlation of multi-path channel gains:
The expectation in (21) will affect the complex scalars




j, k = 1, . . . ,K, p, l = 1, . . . , L. (24)
Considering a multi-cell scenario, channel gains from
different BSs are uncorrelated, so the terms j 6= k
are null. Regarding the cross-correlation between
the channel gains of the same BS, j = k, chan-
nel taps occurring at different delays, p 6= l, cor-
respond to paths originated from different scatter-
ers in the geometrically-based stochastic model pro-
posed by 3GPP in [40]. From the model proposed
in [40] and its spatial-temporal correlation stated
in [45], only the channel taps originated by the same
scatterer are correlated, what is called a cluster [40,
45]. Therefore, the expectation in (24) will be zero
for taps originated from different clusters of scatter-








m,k,lhm,k,l]wi,k, j = k , p = l,
0, otherwise.
(25)
Following the above correlation properties, the av-
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where we have applied |rm,q|2 = 1, see (17). Let us
re-arrange the sum terms of (26) using the assumption


































The first term (27) is the average MUI power received
through the first path of the BSs different from the one
whose RAKE finger is synchronized to, τm,k,1,∀k 6= q,
whereas the second term, (28), includes the MUI arriv-
ing from paths l = 2, . . . , L. The question now is how
the cluster can deal with the mitigation of the average
MUI power. From (27)-(28) we see that the task is dual:
on the one hand, through an accurate joint design of
the transmitted power Pi,k and beamformers wi,k, and
on the other hand, reducing the cross-correlation term
ρmi(τm,q,1−τm,k,l). In the case of OVSF or Walsh codes,
if perfect and instantaneous CSI were available at the
BSs, it would be possible to obtain the actual correla-
tion values ρmi(τm,q,1 − τm,k,l). Moreover, this knowl-
edge could be used to mitigate the average MUI power
in the cluster. From a practical point of view, it could be
possible to substitute these exact values by an estimate
of the MUI correlation terms, ρmi(τm,q,1−τm,k,l), given
a certain model of the relative delays (τm,q,1 − τm,k,l).
Cross-correlation terms ρmi(τm,q,1 − τm,k,l) depend
on how the delays or Time of Arrival (ToA) of the differ-
ent paths are characterized for every single channel BS-
user (q = k, l 6= 1), but they also depend on the differ-
ence between ToAs from different BSs (q 6= k, ∀l). Fig. 1
shows the cooperation cluster with K = 3 BSs where
only users located in the shadowed area are served using
joint processing. Throughout the paper, the term clus-
ter is used for the set of BSs engaged in cooperation and
for the shadowed area where cooperation takes place.
The composite channel seen by one particular user is
the combination of three individual channels, one per
BS in the cluster. Fig. 2 shows an example of the Power
Delay Profile (PDP) of each individual channel together
with the resulting composite channel considering the
urban micro model of 3GPP [40]. Fig. 2 also indicates
the ToA of the first path for each individual link, τm,k,1































Fig. 2 Example of a composite PDP in a cooperation cluster
with K = 3 BSs
for k = 1, 2, 3. For the sake of simplicity, the numbering
of the delays is taken correlative to their value, that is,
τm,1,1 is the minimum and τm,3,1 is the maximum, so
the numbering of the BSs is not fixed in our cluster set-
ting, but it depends on the ToAs within the composite
channel. Moreover, we assume that BS1, that is, the
one related to τm,1,1, is the serving BS for user m for
feedback purposes. This assumption holds for each user
in the cluster and for the remaining of the paper.
In theory, all users located in the shadowed area
of Fig. 1 will be served using joint processing. How-
ever, since the composite channel is a combination of
three individual channels, and users are synchronized
to their serving BS, the spreading codes received at the
user from different BSs lose their orthogonality and the
average MUI power in the cluster is increased. To miti-
gate this effect, we will define a cooperation area based
on the distribution of τm,k,1, ∀k, the statistical model of
BS-user channels, and the resulting statistical model of
the maximum delay of the composite channel denoted
as τmax,m in Fig. 2. We will show how the distribution
of the channels’ ToA, τm,k,1, determines the maximum
delay of the composite channel, τmax,m, and affects the
average MUI power experienced by the users.
3.1 Definition of the cooperation area based on the
maximum delay of the composite channel
We define the cooperation area as the area within the
cluster where the maximum delay of the composite chan-
nel does not exceed a predefined threshold τmax. As
mentioned above, the aim is to mitigate the impact of
non-orthogonal spreading codes. The predefined thresh-
old τmax depends on the spreading factor N and on
8 Carmen Botella et al.
the channel distribution and it could be dynamically
adapted to shrink or extend the cooperation area ac-
cording to the system requirements.
Actually, the definition of a cooperation area can be
seen as forming a subcluster, which would be a network-
centric solution, since the decision is taken at the net-
work level. Other cooperation area definitions can be
found for example in [46], where a pathloss-based coop-
eration area is proposed. Opposite to network-centric,
we find the user-centric clustering or subclustering tech-
niques, as for example in [38,47,48]. In [38,47], a channel
gain-based subclustering technique is proposed, where
user-centric overlapping subclusters are defined for each
user. The problem of this approach is the difficulty of
grouping users sharing the same subcluster, which re-
sults in a small penetration rate, as it has been pointed
out in [49]. This effect is avoided by using the defini-
tion of the cooperation area as proposed in this paper,
which, in contrast to [46], also takes into account the
randomness of the channel. Note that when more than
one cluster are considered, advanced solutions such as
the proposed in [1] will be needed to deal with the inter-
cluster interference.
Let us define the time of arrival difference (ToAD)
between BS16 and the remaining BSs in the cluster for
user m as ∆Tmk = τm,k,1 − τm,1,1, with k = 2, . . . ,K.
Following the approach presented in [50] for OFDM sys-
tems, the ToAD can be approximated as:
∆Tmk = τm,k,1 − τm,1,1 ≈
dmk − dm1
c
, k = 2, . . . ,K ,
(29)
where dm1 and dmk are the distance between the mth
user location and BS1 and between the mth user loca-
tion and BS k, respectively, and constant c is the speed
of light. Note that (29) measures the line of sight time
difference, which is an approximation of the actual time
difference between signals.
Let us now define the maximum delay of the com-
posite channel of the mth user as:
τmax,m = max
k
{∆Tmk + τm,k,L} , (30)
where τm,k,L denotes the ToA of the last path, L, for
any BS k. For example, in Fig. 2, τmax,m corresponds to
the last path of BS3, that is, τmax,m = ∆Tm3 + τm,3,L.
We define the Cooperation Area (CA) as the area
within the cluster where the maximum delay of any
user’s composite channel is such that:
max
m
{τmax,m} ≤ τmax, ∀m, (31)
6 As remarked in the previous Section, the numbering of
the BSs is not fixed, but it depends on the composite channel
state of a given user: BS1, in addition of being the serving
BS for user m, is that whose τm,k,1 is the minimum.




























































































Fig. 3 CDFs of the maximum delay of the composite chan-
nel, τmax,m for different values of Ncoop, a cluster of 3 BSs
and channels modeled as urban micro [40]. Their correspond-
ing Generalized Extreme Value (GEV) approximations are
plotted in dashed line
where variable m stands for all the possible user loca-
tions in the cluster area and τmax is the maximum delay
established by the network. Once this area is defined,
only the users located in this area will be served with
joint processing.
In the following, we will state a procedure to relate
the CA defined in (31) to the maximum ToAD in (29)
measured in number of chips, which will give us a tool to
define the CA inside the cluster and to determine which
users will be served through joint processing. Assuming
a certain statistical model of the channel’s last delay,
τm,k,L, ∀m, k, and a certain distribution of the ToADs,
∆Tmk, ∀k, the statistical behavior of τmax,m in (30) can
be stated. We will explain it with an example.
Consider a uniform distribution of user locations
within the cluster area of Fig. 1, such that their ToADs
can be assumed uniformly distributed within ∆Tmk ∼
U [0, Ncoop Tc], where Tc = 1/3.84 · 10−6 s and Ncoop is
a positive integer, Ncoop > 0. Assume that the channels
can be characterized as urban micro [40], whose PDP
consists of 6 distinct paths following a uniform distribu-
tion τm,k,l ∼ U [0, 1.2µs]. In order to obtain the Cumu-
lative Density Function (CDF) of τmax,m in (30) for dif-
ferent values of Ncoop, we have carried out 30000 runs
of Monte-Carlo simulations. The resulting CDFs and
their corresponding Generalized Extreme Value (GEV)
approximations are shown in Fig. 3. Once the CDFs are
obtained, we can define the probability of cooperation,
Pcoop, based on (31), as:
Pcoop = P {τmax,m ≤ τmax} , (32)
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and the CA as the area where the probability of coop-
eration Pcoop is at least of p:
CA =
={user locations m such that P {τmax,m ≤ τmax} ≥ p} .
(33)
For instance, let us assume that the maximum de-
lay allowed by the network within the cluster of Fig. 1
to perform BS cooperation is 8 chip periods. Therefore,
the CA may be defined as the area within the cluster
where the maximum delay of any composite channel is
such that τmax,m ≤ 8Tc with a probability of at least
95 %. From Fig. 3, it can be stated that the curve lo-
cated at the far right that fulfills P {τmax,m ≤ 8Tc} ≥
0.95 is the one labeled with Ncoop = 4. Therefore, only
those users whose maximum ToAD in (29) is equal or
less than 4 chip periods, that is, ∆Tmk ≤ Ncoop Tc,
with Ncoop = 4, will be served through joint process-
ing. From this example, it is straightforward to see that
the CA can be defined by specifying the maximum de-
lay threshold τmax, or equivalently, the Ncoop integer
value, since both values are related through Fig. 3.
From a practical point of view, a user m would need
to feed back to its serving BS only the values of the
ToA of the rest of BSs in the cluster, τm,k,1, for k =
2, . . . ,K, in addition to local CSI hm,1,l, ∀l. The serving
BS would calculate the ∆Tmk values, for k = 2, . . . ,K,
and depending on the established Ncoop value, would
activate or not, the joint processing for that user.
3.2 Statistical modeling of cross-correlation between
codewords
As stated before, the first term (27) of the average MUI
power is the multi-user interference arriving from the
first path (l = 1) of the BSs different from the one whose
RAKE finger is synchronized to. Then, the average MUI

































Table 1 ToADs ∆Tmqk associated to the cases defined
in (37) for a particular cluster of K = 3 BSs
q=1 q=2 q=3
k=1 NO MUI C1: ∆Tm21 C1: ∆Tm31
k=2 C2: ∆Tm12 NO MUI C3: ∆Tm32
k=3 C2: ∆Tm13 C3: ∆Tm23 NO MUI
where
∆Tmqk = τm,q,1− τm,k,1, q, k = 1, . . . ,K, k 6= q , (36)
is the relative ToAD between the first paths from the
qth and the kth BSs. Notice that the correlative num-
bering of the BSs for each user allows for a common
characterization of the relative ToADs, since τm,1,1 is
always the ToA of the first path of the composite chan-
nel, τm,2,1 is always the ToA of the second BS channel
arriving to the user (BS2) and so on.
The aim of the paper is to characterize and mitigate
the average MUI power in (34)-(35) experienced by the
users in the cluster, but taking into account that only
local CSI is available at each BS and assuming that a
limited amount of additional feedback can be used for
sending the τm,k,1, for k = 2, . . . ,K, values. Following
the assumption A.2., the mean gains E[hHm,k,1hm,k,1]
in (34) are supposed to be higher than those in (35).
Due to this reason, we start our analysis of the MUI
taking into account only term (34) in the following.
Considering the cross-correlation term of (34), we
can distinguish three different cases:
case C1 : ρ2mi(∆Tm1k), k = 2, . . . ,K,
case C2 : ρ2mi(∆Tmq1), q = 2, . . . ,K,
case C3 : ρ2mi(∆Tmqk) = ρ
2
mi(∆Tmq1 −∆Tm1k),
q, k = 2, . . . ,K and k 6= q.
(37)
Notice that for all cases in (37), the relative ToAD is
expressed in terms of the ToAD defined in (29), that is,
∆Tmq1 in (36) is equal to ∆Tmq in (29). In Section 3.1,
the CA has been defined based on the statistical distri-
bution of the ToADs. Following the same approach, the
expected cross-correlation values of (37) can be derived.
Cases C1 and C2 consider ToADs between any BS and
BS1, whereas case C3 includes the ToADs between any
BS excluding BS1. Table 1 shows the ToADs involved
in each case of (37) for K = 3.
Assuming that all possible user locations are uni-
formly distributed over the CA, the ToADs for cases
C1, ∆Tm1k, and C2, ∆Tmq1, can be shown to be uni-
formly distributed within a range of Ncoop Tc seconds.
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However, case C3 in (37) depends on the relative ToAD
between two BSs different from BS1, and it is formed by
the sum of two uniformly distributed independent ran-
dom variables, ∆Tmq1 and ∆Tm1k, with q 6= k. There-
fore, the statistical distribution of the corresponding
ToADs for the different cases described above is given
by:




−Ncoop Tc,≤ ∆Tm1k < 0, k = 2, . . . ,K,




0 < ∆Tmq1 ≤ Ncoop Tc , q = 2, . . . ,K,
case C3 : f∆Tmqk(∆Tmqk) =
f∆Tmq1(∆Tmq1) ∗ f∆Tm1k(∆Tm1k),
−Ncoop Tc ≤ ∆Tmqk ≤ Ncoop Tc,
q, k = 2, . . . ,K, k 6= q,
(38)
where fX(x) stands for the Probability Density Func-
tion (PDF) of random variable X and ∗ is the con-
volution operator. Note that throughout this process,
Ncoop is a parameter known at the cluster level, since
its value has been established during the cooperation
area definition procedure.
Once the statistical distributions of the relative de-
lays ∆Tmqk have been derived, it is possible to char-
acterize the cross-correlation terms of (37) from a sta-
tistical point of view. Looking at the expression of the
average MUI power given in (34), the expectation op-
erator was not then applied to the cross-correlation
ρ2mi(∆Tmqk) since the time difference ∆Tmqk was as-
sumed to be known (deterministic). Now that a sta-
tistical model of ∆Tmqk has been found for a uniform
distribution of users in the cluster, the cross-correlation
term ρ2mi(·) has to be considered a random variable.
We have modeled the random variable ρ2mi(∆Tmqk)
performing Monte-Carlo simulations: for each possible
pair of users locations m and i, and for each possible
code of spreading factor N , the statistical distributions
from (38) are generated and the Mean Squared Value
(MSV) of each cross-correlation term defined as
case C1 : ξ2mi,C1 = E[ρ
2
mi(∆Tm1k)], k = 2, . . . ,K,
case C2 : ξ2mi,C2 = E[ρ
2
mi(∆Tmq1)], q = 2, . . . ,K,
case C3 : ξ2mi,C3 = E[ρ
2
mi(∆Tmqk)],
q, k = 2, . . . ,K, k 6= q,
(39)
is evaluated. Note that the MSV is the parameter which
directly influences the average MUI power from (34).
Within a cluster of K BSs, there are (K−1) random
variables ∆Tm1k, (K−1) random variables ∆Tmq1, and
the remaining are expressed as ∆Tmqk , q, k = 2, . . . ,K,
k 6= q (see example of Table 1). Therefore, it is pos-
sible to estimate the total contribution of the cross-
correlation terms in (34) to the average MUI power by:
ξ2mi=(K−1)ξ2mi,C1+(K−1)ξ2mi,C2+(K−2)(K−1)ξ2mi,C3.
(40)
Note that up to this point, the values of Pi,k, wi,k
and hm,k,1 have not been considered. In our frame-
work, we assume that the design of downlink beam-
formers and powers, and the design of the scheme that
will tackle the contribution of cross-correlation terms
from (40) are carried out in different time scales. Ba-
sically, downlink beamformers and powers can be de-
signed with local CSI available at each BS, whereas
the scheme dealing with (40) requires the feedback of
τm,k,1, k = 2, . . . ,K, from the user, and in this paper, it
is considered as a static solution for a given cooperation
area. More details are given in the next Section.
Considering now the contribution of term (35) to the
average MUI power, a similar statistical characteriza-
tion of the difference of delays (τm,q,1−τm,k,l), as in (38)
for ∆Tmqk, could be obtained. Expressing the difference
of delays as (τm,q,1−τm,k,l) = ∆Tmqk+(τm,k,1−τm,k,l),
it can be noted that the statistical model will depend
on the distribution of ∆Tmqk, which is known, and on
the distributions of the delays for each channel with re-
spect to the delay of its first path, (τm,k,1−τm,k,l). This
last term depends on the particular CSI and not on the
user location. Therefore, any scheme proposed to miti-
gate the average MUI power contribution in (35) would
require knowledge of timely and accurate CSI, which
seems rather unrealistic under limited feedback require-
ments. Consequently, only contributions from (34) to
the average MUI power are included in our model.
Regarding the expression obtained in (40), the ques-
tion now is how the allocation of the spreading codes
to the users could mitigate the received average MUI
power. Clearly, the code allocation should aim to min-
imize the parameter ξ2mi.
4 Spreading Code Allocation Scheme based on
minimum correlation
Code allocation schemes for WCDMA systems have
been thoroughly studied in the literature due to the
problem of code blocking and the constraint on the
number of available orthogonal sequences, which is lim-
ited by the value of the spreading factor. Regarding
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the code blocking problem, static and dynamic schemes
have been proposed to minimize the number of code re-
assignments [51–53]. To avoid the capacity restriction
in the number of available spreading codes, one pos-
sible approach is to employ additional non-orthogonal
spreading codes. In this case, optimum spreading code
sets have been identified as the ones that minimize
cross-correlation values. Furthermore, some approaches
iteratively update each user spreading code according
to MUI conditions [54–56].
In this paper, we exploit the idea of minimum cross-
correlation values from a different point of view. The
average MUI power expression given by (34) points
out the influence of the code correlation values on the
interference level of the cluster. In fact, the MSV of
cross-correlation terms in (40) can be seen as an aver-
age of the MUI influence on the user when a certain
spreading code is allocated by the set of cooperating
BSs. Hence, the key idea of mitigating the average MUI
power level of the system using an optimized assign-
ment of the available OVSF codes7 arises. In this paper,
a multi-base spreading code allocation scheme, denoted
by Minimum Correlation (MC), is proposed for systems
with BS cooperation. Specifically, spreading codes are
allocated in such a way that minimum average cross-
correlation between active users can be achieved.
Let us assume that the average MUI power experi-
enced by the mth user depends on the sum of different
cross-correlation terms as stated in (40). In a given layer
of the OVSF code tree, there are N available spread-
ing codes. For each possible pair of these codes and a
particular value of Ncoop or cooperation area, ξ
2
mi can
be pre-estimated through Monte-Carlo simulations as
derived in the previous Section. Based on these val-
ues, the MC scheme allocates codes to new users on
a minimum average cross-correlation basis, mitigating
the MUI power present in the cluster. The steps will be
the following:
1. Build matrix Ξ of size [N ×N ] as follows:
Ξ =

0 ξ212 · · · ξ21N







N2· · · 0
 . (41)
2. Assume that spreading code #1 is the only one as-
signed (usually used for pilot and control channel)
and a new user admission is requested to the cluster.
In this case, the MC scheme allocates the spreading
code j for the new user such that ξ21j is minimum.
7 OVSF codes have been considered throughout the paper,
but average MUI contribution could be calculated as stated
in the previous Section for any set of channelization codes.
3. When a new user enters the cluster, spreading code
j that minimizes the sum of cross-correlation terms
due to active users is chosen as:






In practical WCDMA based systems, spreading codes
from different OVSF layers are needed, since users may
require services with different data rates. In this case,
the MC assignment scheme can be modified as follows:
for a given layer, matrix Ξ is built taking only into
account the set of non-blocked spreading codes.
In this paper, the MC scheme is used as a static
allocation policy, that is, given a certain channel dis-
tribution, MSVs ξ2mi are pre-calculated following the
statistical model proposed in Section 3.2, and stored
in an off-line table. Therefore, the MC scheme allows
a distributed implementation, since the off-line tables,
including the spreading code ordering, can be locally
stored at each BS and the amount of inter-base infor-
mation exchange is decreased. However, this scheme can
also be dynamically updated using current channel gain
estimates and PDP, depending on the computational
capacity of the BSs involved and the available feedback
bits. In this case, in order to obtain a distributed imple-
mentation of the MC assignment scheme, it is possible
to follow a decentralized approach, as the one proposed
in [57] or an iterative approach [58], where matrix Ξ is
iteratively updated by each BS.
To summarize, Algorithm 1 states the main off-line
steps that need to be performed at the cluster side for
all possible Ncoop values according to the cluster char-
acteristics (i.e., cell radius) whereas Algorithm 2 sum-
marizes the actions required for each new user entering
the cluster. Note that the output of Algorithm 1 is a
given spreading code ordering for each possible value
of Ncoop, and that the definition of the τmax value pro-
vided by the network is out of the scope of this paper.
5 Simulation Results
We consider a static cluster withK = 3 BSs (see Fig. 1),
each one equipped with an array of Na = 3 or Na = 2
antennas, and single-antenna users. WCDMA signals
with a spreading factor of N1 = 16 or N2 = 32 are used
and the per-BS power constraint is set to 43 dBm. The
initial position of each user is uniformly distributed over
the cluster area. Without loss of generality, each user is
assigned to the BS whose τm,k,1 is the minimum, i.e.,
BS1, for CSI feedback purposes.
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Algorithm 1 MUI mitigation scheme - Off-line calcu-
lations
1: for all Ncoop do
2: Derive statistical distributions of relative delays
∆Tmqk according to (38)
3: for all m, i = 1, . . . , N , such that i 6= m, do
4: Calculate MSVs given by (39)
5: Calculate the total contribution ξ2mi from (40)
6: end for
7: Build matrix Ξ as in (41)
8: Set of active users I = {1}
9: for j = 2, . . . , N do
10: Allocate the spreading code such that





11: Include j in set I
12: end for
13: end for
14: return Spreading code ordering per Ncoop value
Algorithm 2 MUI mitigation scheme - user actions
Require: τmax and Ncoop specified by the network
1: for all new user m entering the cluster do
2: BS1 = mink{τm,k,1}
3: User feeds back hm,1,l, ∀l and τm,k,1, k = 2, . . . ,K.
4: BS1 calculates ∆Tmk = τm,k,1 − τm,1,1
for k = 2, . . . ,K.
5: if ∆Tmk ≤ Ncoop Tc, ∀k, then
6: User is served with joint processing
7: BS1 forwards user data to BSs in the cluster
8: Spreading code from the corresponding Ncoop table
is allocated for joint processing
9: else
10: User is only served from BS1
11: end if
12: end for
The channel hm,k,l, ∀l, between each user m and
each BS k is modeled using the Spatial Channel Model
(SCM) for MIMO systems proposed by the 3GPP [40].
Assuming a urban micro-cell environment, with 1 Km
distance between BSs, the PDP for each BS-user chan-
nel has been independently generated and consists of 6
distinct paths τm,k,l ∼ U [0, 1.2µs]. The powers for each
path are exponentially decaying in time, with the addi-
tion of lognormal randomness independent of the path
delay.
Base station cooperation within the cluster is per-
formed at the physical layer by means of the JPCOB-
VUL (Joint Power Control and Beamforming - Virtual
UpLink) algorithm of [38] and [39]. This algorithm is an
extension of reference [59] for systems with BS coopera-
tion: in a first step, per-BS transmit beamformers wi,k
are obtained from a simpler virtual uplink formulation,
and in a second step, downlink transmit powers Pi,k are
jointly updated from a set of linear equations. Never-
theless, some matrices from [38] have been redefined in






Fig. 4 Cooperation areas for a cluster with K = 3 BSs and
3 ≤ Ncoop ≤ 7
In the JPCOB-VUL algorithm, the QoS constraint
is represented by a certain SINR requirement, which
is common to all the users in the cluster. For a given
SINR constraint, the JPCOB-VUL algorithm is sim-
ulated over independent channel realizations and dis-
tributions of users. In each run, users have to achieve
the required SINR within a maximum of 15 iterations.
Hence, the algorithm fails when, in a given run, at least
one user does not achieve the required SINR.
5.1 Cooperation area
Applying the approximation from (29) for each possible
location in the cluster area, we find that the maximum
∆Tmk for this scenario is 10Tc, where Tc = 1/3.84 ·
10−6 s. Therefore, the set of ToADs follow a uniform
distribution according to ∆Tmk ∼ U [0, 10Tc]. In order
to define the CA, we need to state the value for the
predefined threshold τmax. As in the example stated
before, we assume that the maximum delay allowed by
the cluster is τmax = 8Tc with a probability of at least
95 % of the time. As before, from Fig. 3 we see that the
only curve fulfilling this requirement is the one labeled
with Ncoop = 4, meaning that the CA is comprised of
the cluster locations where P {τmax,m ≤ 8Tc} ≥ 0.95,
which corresponds to the cluster locations labeled with
Ncoop = 4 in Fig. 4.
Once the Ncoop value is stated, BSs in the cluster
resort to the corresponding spreading code ordering for
the users entering the cluster.
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5.2 Probability of Admission
In this Section, we evaluate the probability of admit-
ting users under two spreading code allocation schemes,
the MC and the natural8 or unsorted code allocation
scheme. The static cluster from Fig. 1 with Na = 2
or Na = 3 antenna arrays in each BS is considered.
Spreading factors of N1 = 16 and N2 = 32 are simu-
lated, which imply SINR constraints of 4 and 2 dB after
despreading, respectively.
In order to evaluate the probability of admission,
each run of the JPCOB-VUL algorithm is initialized
with M = 1 active user. Once this user achieves the
SINR requirement, a new user enters the cluster. If the
JPCOB-VUL algorithm fulfills the SINR requirement
for all the users, included the last one, simulation goes
on adding users until the maximum capacity, M = N .
In any other case, simulation stops. This procedure is
repeated for 1500 independent channel realizations and
distributions of users in the case of N1 = 16 and for
750 in the N2 = 32 case. Therefore, for a given num-
ber of active users, the probability of admission is here
defined as the number of runs in which at least that
number of users achieve the required SINR, divided by
the total number of independent runs (this is a slight
modification of the CDF).
Fig. 5 and Fig. 6 show the estimated CDF of the
probability of admission of MC and Natural schemes for
a cooperation cluster of K = 3 BSs and N1 = 16 and
N2 = 32 spreading factors, respectively. It can be ob-
served in both figures that the MC scheme outperforms
the Natural scheme when the same number of antennas
per BS is considered, regardless of the spreading fac-
tor. This improvement is also noticed when comparing
the different configurations showed in each figure. For
example, in Fig. 6, there is a 75% increase in the prob-
ability of admission when using the MC scheme with
Na = 2 with respect to the corresponding Natural case
for a medium traffic load (M = 16 active users). The
same comparison over Fig. 5 yields a 90% increase of
the probability of admission for M = 8 active users.
Comparing now both Fig. 5 and Fig. 6, it can be
seen that improving the beamforming capacity of each
BSs, that is, increasing the number of antennas in each
array from Na = 2 to Na = 3, allows a general en-
hancement of the probability of admission for medium
and high traffic loads. For example, in Fig. 6, the Nat-
ural scheme with Na = 3 outperforms the MC scheme
with Na = 2. However, for low spreading factors and
hence, high data rates, optimizing the spreading code
8 OVSF codes are sequentially assigned from 1 to N
through the OVSF layer.



































Fig. 5 Estimated CDF of the probability of admission for a
cluster with K = 3 BSs, Na = 2 or Na = 3 antenna arrays,
and a SINR requirement of 4 dB. Results are shown for the
Natural and MC schemes, and N1 = 16



































Fig. 6 Estimated CDF of the probability of admission for a
cluster with K = 3 BSs, Na = 2 or Na = 3 antenna arrays,
and a SINR requirement of 2 dB. Results are shown for the
Natural and MC schemes, and N2 = 32
allocation as sown in Fig. 5 can bring higher gains than
increasing the beamforming capability of the BSs.
6 Conclusion
In this paper, a framework for mitigating the multi-
user interference in the downlink of a partially asyn-
chronous WCDMA cluster with base station coopera-
tion has been presented. Assuming that local channel
state information is available at the base stations, and
that a limited amount of additional feedback per user
can be used, cooperation areas have been defined in or-
der to mitigate the impact of the time-shifted spreading
codes in the average multi-user interference power in
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the cluster. By providing a statistical modeling of the
average multi-user interference power experienced by
each user in the cluster, a minimum correlation spread-
ing code allocation scheme for users served with joint
processing has been derived. Simulation results show
that for low spreading factors, optimizing the spreading
code allocation brings higher gains than increasing the
beamforming capability of the base stations, whereas
in medium and high traffic loads, improving the beam-
forming capability of the base stations can bring a gen-
eral enhancement of the probability of users’ admission.
In future work, we plan to adapt this multi-user inter-
ference mitigation framework to the scenario of a dense
deployment of small cells, where users could benefit of
the potential gains of cooperation between base sta-
tions.
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